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Introduction
Even small changes in temperature during experimental hypoxia-ischemia critically modulate neural outcome (1) . This effect, which appears to be disproportionate to the known changes in cerebral metabolism, is postulated to be related in part to a reduction in damaging events such as the release of excitotoxins and oxygen free radicals (2, 3) . In contrast however, studies of brief hypothermia during recovery from hypoxia-ischemia in neonatal animals have produced inconsis-tent results (4, 5) . Similar studies in adult animals suggest that cooling is most effective after relatively mild insults (6, 7) , and that the therapeutic window after reperfusion during which cooling remains effective is very narrow (8) (9) (10) (11) . Although more prolonged cooling, for 5-24 h (7, 10, 12, 13) , appears to be more consistently effective, studies to date have not logically related the period of cooling to the pathophysiological phases of neural injury.
Clinical and experimental studies suggest that as well as a primary phase of energy failure during hypoxia-ischemia, secondary energy failure occurs 8-48 h later (13, 14) , which in the human infant is associated with poor neurodevelopment at 1 yr of age (14) . We have demonstrated that, after 30 min of ischemia in the near term fetal sheep, delayed seizures and cytotoxic cell swelling occur in this secondary phase (15) . This is paralleled by accumulation of excitotoxins (16) and by vasodilation (17) .
We hypothesized that delayed postinsult hypothermia maintained throughout the course of the secondary phase would alleviate membrane dysfunction and reduce secondary neuronal damage. By selectively cooling the head and keeping systemic hypothermia to a minimum, the unwanted systemic complications of hypothermia (18, 19) should be minimized.
Methods
Surgical procedures. Studies were approved by the Animal Ethics Committee of the University of Auckland. Romney/Suffolk fetal sheep from 117 to 124 d of gestation were operated on under 2% halothane/oxygen anesthesia as described previously (15, 20) . Polyvinyl catheters were inserted into both fetal brachial arteries and the amniotic sac. The vertebral-occipital anastomoses were ligated bilaterally to restrict vertebral blood supply to the carotid arteries; the lingual arteries were also ligated to restrict non-cerebral blood flow (21) . A double ballooned inflatable occluder cuff was placed around each carotid artery. A 3-mm ultrasonic flow probe (Transonic Systems Inc., Ithaca, NY) was placed on each carotid artery just proximal to the cuff. Two pairs of electroencephalographic (EEG) 1 electrodes (AS-633-5SSF; Cooner Wire Co., Chatsworth, CA) were placed on the dura over the parasagittal parietal cortex (5 mm and 15 mm anterior to bregma and 10 mm lateral), with a reference electrode sewn over the occiput. To record cortical impedance, a third pair of electrodes (AS633-3SSF; Cooner Wire Co.) was placed over the dura, 5 mm lateral to the EEG electrodes. A thermistor (Incu-Temp-1; Mallinckrodt Medical Inc., St. Louis, MO) was placed over the parasagittal dura 20 mm anterior to bregma. A 20-gauge catheter was placed in the sagittal sinus through a shallow midline burr hole. The burr holes were sealed, and the skin over the fetal skull was closed, using cyanoacrylate glue. A "cooling" coil made from silastic tubing (external diameter: 7.9 mm; internal diameter: 4.8 mm; Silclear; Degania Sili-cone, Degania Bet, Israel) was attached over the scalp and wrapped around down to the level of the external auditory meatus. A second thermistor (to measure fetal core body temperature) was placed in the fetal esophagus, at the level of the right atrium (19) . The fetus was then returned to the uterus, and all leads and catheters were exteriorized to the maternal flank. A polyvinyl catheter and a third thermistor were advanced 20 cm into the maternal tarsal vein.
After the operation, the ewes were housed in metabolic cages at constant temperature (16 Ϯ 1 Њ C) and humidity (50 Ϯ 10%), in a 12-h light/dark cycle, with free access to hay and water, supplemented by sheep nuts and alfalfa. Gentamicin, 80 mg, was administered daily to the ewe, intravenously, for 5 d starting at surgery.
Recordings. Fetal arterial blood pressure, corrected for amniotic fluid pressure (Novatrans II, MX860; Medex Inc., Hilliard, OH), carotid arterial blood flows (T208 Ultrasonic Flowmeter; Transonic Systems Inc.), fetal extradural temperature, esophageal temperature, and maternal temperature, as well as the fetal parietal EEG and impedance, were recorded continuously. Recordings started 24 h before the experiment and continued for 120 h afterwards. Signals were averaged at 1-min intervals and stored on disk by custom software (Labview for Windows; National Instruments Ltd., Austin, TX), running on an IBM-compatible computer. The EEG signal was low pass filtered at 30 Hz, and then the intensity spectrum and impedance signal were extracted as reported previously (15, 17, 22) . Cortical impedance was measured using a four electrode technique (15) ; the impedance of a tissue rises concomitantly as cells depolarize and fluid shifts from the extracellular to the intracellular space and cytotoxic edema develops (15, 16) . The raw EEG signal was recorded for off-line detection of seizure events using commercial software that analyses spike wave and polyspike activity (Monitor; Stellate Systems, Quebec, Canada). For automatic detection, seizures were defined according to the default settings of Monitor software (17) .
Experimental procedures. Before experimentation, arterial blood samples were analyzed for blood gases, pH (Radiometer ABL 330, Copenhagen, Denmark), oxygen saturation, hemoglobin, glucose, and lactate. After 24 h of baseline recordings, reversible cerebral ischemia was induced by inflating the carotid cuffs bilaterally with sterile saline for 30 min. Successful occlusion was confirmed by the onset of an isoelectric EEG signal within 30 s of inflation. Fetal arterial and sagittal sinus blood samples were drawn 60 min and just before occlusion and then at 35 min after occlusion (i.e., 5 min after the end of occlusion), 2 h (just before cooling), 2.5 h, 4 h, 8 h, 24 h, 48 h, 72 h, 96 h, and 120 h, and analyzed for pH, PaO 2 , pCO 2 , lactate, and glucose levels.
Fetuses were randomized to either cooling or sham cooling, starting 90 min after reperfusion and continuing until 72 h after occlusion. Cooling was performed by linking the cooling coil over the fetal scalp with a pump in a cooled water bath. In sham cooled fetuses, the water was not circulated; thus the cooling coil and its contents will have remained in equilibrium with fetal temperature. In the hypothermia group, the water bath temperature was 4 Њ C at the start of cooling, and gradually warmed up to ‫ف‬ 14 Њ C over the first day of cooling. Thereafter, water bath temperature remained stable until cooling was stopped. The fetuses were monitored for a further 48 h, and then the ewe and fetus were killed by barbiturate overdose.
Histological analysis was performed as described previously (15, 20, 22) . The fetal brain was perfusion fixed in situ with 10% phosphate-buffered formalin. Neuronal loss was scored by light microscopy on 8-m-thick coronal sections stained with thionin and acid fuchsin, by two assessors, one of whom was blinded to the treatment group. The proportion of neurons showing ischemic cell change in preassigned areas was scored on a 6 point scale: 0 ϭ no dead neurons; 5 ϭ Ͼ 0-10%; 30 ϭ Ͼ 10-50%; 70 ϭ Ͼ 50-90%; 95 ϭ 90 to Ͻ 100%; 100 ϭ 100% dead neurons. Average scores were calculated for each region. The proportion of areas within the parasagittal cortex showing infarction, with evidence of death of glia, as well as neurons (20) , was also recorded.
Data analysis and statistics. Off-line analysis of the recorded signals was performed using a scientific software package (Viewdac Data Acquisition; Keithley Instruments Inc., Taunton, MA). Time series analysis of the postreperfusion data, e.g., to calculate the magnitude and timing of peaks or troughs, was performed on the recorded signals smoothed with a digital median filter, to minimize the effects of short-term ( Ͻ 20 min) fluctuations. Average values for predetermined intervals were calculated: Ϫ 24-0 h, 0-30 min, 30-60 min, 1-2 h, 2-4 h, 4-8 h, 8-12 h, 12-18 h, 18-24 h, then 12-h intervals up to 120 h after carotid occlusion. Data have been plotted using the midpoint of each interval, except for the 24-h baseline period data which have been plotted at 1 h before occlusion; additionally, to confirm that there had been no baseline drift, average values for the hour before occlusion have been presented at 0 h.
The total EEG intensity (power) was log transformed [dB, 20 ϫ log(intensity)], as this transformation gives a better approximation to the normal distribution (23) . The intensity was then normalized with respect to the 24-h baseline period: thus, all measurements are expressed as a ratio of the baseline period. The "final EEG intensity" was calculated on the final 12-h period, 108-120 h. The suppression time of the EEG was defined as the time after insult during which the (smoothed) EEG intensity was Ͼ 5 dB below the baseline intensity. The spectral edge of the EEG was calculated from the spectra, as the frequency below which lay 90% of the EEG intensity.
The heights of the primary and secondary cortical impedance peaks were measured. The time for the primary peak to resolve to trough, defined as the 90% point of fall, and the time of the secondary peak were also determined. Impedance rises as the temperature of the medium, through which the signal passes, falls (24) . Therefore, in each fetus, we measured the slope of impedance changes during a 30-min period of cooling before the start of baseline recording. The correlation between temperature and impedance was very good in each fetus: r 2 Ն 0.98. The measured slope was used to correct the impedance signal for the effect of temperature changes during cooling:
The corrected impedance data are presented as percentage of baseline.
Cerebral blood flow (CBF) was calculated as the sum of the left and right carotid blood flows. Since the vertebro-carotid anastomoses were ligated, all blood flow to the cortex and midbrain structures was derived from the carotid circulation (21) . The period of secondary hypoperfusion was defined as the period from the time CBF fell below 90% of baseline, until the time it rose to Ͼ 90% of baseline. Cerebral metabolic rate for oxygen (CMRO 2 ) was determined from the difference in the oxygen contents of paired brachial artery and sagittal sinus blood samples, multiplied by the CBF at the time the samples were drawn: CMRO 2 ϭ ( arterial oxygen content Ϫ sagittal sinus oxygen content ) ϫ CBF .
The effect of cooling on neuronal loss and other biophysical parameters was determined by multivariate analysis of variance (MANOVA). Cerebral region and time were treated as repeated measures, to allow for repeated sampling. For comparisons over time, baseline levels were used as a covariate (MANCOVA). Where significant differences were found, post-hoc comparisons of the means were made using the protected least significant difference test, adjusted using the baseline levels as the covariate, while changes relative to baseline were made with the Wilcoxon matched-pairs test. Histological scores were normalized by rank transformation before analysis. Regression analysis was used to relate the fall in extradural temperature to histological scores and the secondary rise in cortical impedance. All data are presented as mean Ϯ SEM.
Pilot studies. A pair of fetal sheep received scalp cooling for 48 h only. Whereas the first, minimally cooled (extradural temperature 35.9 Њ C) fetus developed very intense cortical seizure activity, the second fetus was better cooled (extradural temperature 32.0 Њ C) and developed brief epileptiform activity. However, when cooling was stopped in the second fetus there was reoccurrence of epileptiform activity, without a rise in cortical impedance. In view of this rebound hyperactivity, we decided that the fetuses in the hypothermia group should be cooled for 72 h, for the main study.
To measure the effect of head cooling on the inner structures of the brain, another fetus was instrumented as above, but with two additional cerebral thermistors. Each thermistor was advanced through a burr hole 0.5 cm lateral to the midline, through the dura mater. The first was advanced 2.5 cm (corresponding with the depth of the hippocampus) and the second, 1 cm. After 3 d of recovery, this fetus was cooled for 6 h. The extradural temperature reached a stable temperature of 36.0 Њ C; the other three thermistors also indicated a stable temperature gradient; at 1 cm the temperature was 36.9 Њ C, and at 2.5 cm the temperature was 37.7 Њ C, while the core temperature was 38.4 Њ C. Cooling was associated with a significant fall in extradural temperature, to a minimum of 32.4 Ϯ 0.8 Њ C (vs. 39.1 Ϯ 0.04, P Ͻ 0.001) after 121 Ϯ 29 min of cooling; the time sequence of changes is shown in the top panel of Fig. 1 . There was a smaller fall in esophageal temperature, reaching a trough of 37.1 Ϯ 0.5 Њ C (vs. 38.8 Ϯ 0.2 Њ C, P Ͻ 0.01) after 171 Ϯ 58 min. The extradural and core temperatures in the hypothermia group The time sequence of changes in fetal arterial pH, PaO 2 , glucose, and lactate levels is shown in Fig. 2 . Cooling was associated with a significant interaction between treatment and time ( P Ͻ 0.005) for fetal PaO 2 , lactate, and glucose, but not for pH or PCO 2 . Post-hoc testing suggested that the hypothermia, but not the sham cooled group, showed a small fall in PaO 2 (greatest 30 min after the start of cooling) and a small secondary rise in lactate and glucose levels at 4 h (i.e., 2 h after the start of cooling).
Results
Bilateral carotid artery occlusion for 30 min resulted in a pattern of suppression of EEG activity for many hours after reperfusion, followed by a rapid transition to high intensity, low frequency epileptiform activity, followed by resolution to the final level of EEG intensity (Fig. 1, second panel ) . The time sequence of changes in EEG intensity was significantly different in the two groups (ANOVA, P Ͻ 0.001). The initial pattern of suppression followed by seizures was similar in the two groups, although the hypothermia group showed greater EEG intensity between 2 and 4 h ( P Ͻ 0.02). Time series analysis of the recorded signal showed that the time for EEG intensity to recover after reperfusion was 10.8Ϯ2.9 h in the hypothermia group compared with 10.8Ϯ3.0 h in sham cooled fetuses, while the EEG intensity peaked at 5.6Ϯ1.8 vs. 5.0Ϯ2.2 dB above baseline, after 19.7Ϯ2.6 vs. 13.7Ϯ2.9 h (hypothermia versus sham cooled, NS). In contrast, the hypothermia group showed significantly greater EEG intensity from 36 to 120 h; the final EEG intensity was Ϫ5.2Ϯ1.6 compared with Ϫ15.5Ϯ1.5 dB in the sham cooled fetuses (P Ͻ 0.001). Consistent with the changes in EEG intensity, off-line seizure detection analysis suggested an abrupt onset of epileptiform events, starting between 4 and 8 h, and resolving between 24 and 36 h in both groups (Fig. 1, third panel) . The rate of epileptiform events in the two groups was not significantly different.
The time sequence of changes in the 90% spectral edge showed a significant interaction between time and treatment group (P Ͻ 0.05). Baseline levels were similar in the hypothermia and sham groups (13.3Ϯ0.4 vs. 12.9Ϯ0.4 Hz, NS). The spectral edge fell after occlusion to similar levels in the two groups. The spectral edge was higher in the hypothermia group compared with the sham cooled group between 8 and 24 h, corresponding with the phase of EEG hyperexcitability (8.9Ϯ0.6 vs. 5.2Ϯ0.6 Hz, P Ͻ 0.05), then gradually rose in both groups. However, the spectral edge was significantly higher in the hypothermia group only in the last 24 h of recovery (10.0Ϯ0.7 vs. 7.0Ϯ0.5, P Ͻ 0.05).
The time sequence of changes in cortical impedance is shown in the bottom panel of Fig. 1 . Cortical impedance rose during occlusion, peaking at 157Ϯ5 vs. 161Ϯ4% of baseline (hypothermia group vs. sham cooled group, NS) a few minutes after reperfusion, then declining to a nadir of 110Ϯ2 vs. 111Ϯ1% (NS), 27Ϯ1 vs. 30Ϯ3 min (NS) after reperfusion. In the sham cooled fetuses, cortical impedance subsequently rose, with the onset of epileptiform activity, to a second peak of 152Ϯ8%, 39.1Ϯ1.4 h after reperfusion. In contrast, the rise was not seen in the hypothermia group (ANOVA, P Ͻ 0.001); the highest measurement between 4 and 72 h was just 115Ϯ4% of baseline, not significantly higher than the residual impedance levels. When individual hypothermia animals were examined, a clear secondary peak was seen in only three out of nine cooled fetuses (compared with 7/7 sham cooled fetuses, P ϭ 0.01). These three fetuses were the least cooled within the hypothermia group: the extradural temperature was never suppressed to Ͻ 34ЊC in two, and only briefly in one.
There was no overall difference in the time sequence of changes in fetal heart rate and blood pressure between the groups (ANOVA). Both groups showed a significant hypertension during ischemia (65.5Ϯ2.7 vs. 65.0Ϯ3.5 mmHg, NS) which resolved over the hour after reperfusion. There was an apparent rise in blood pressure in the first 24 h of cooling, compared with baseline, which was not seen in the sham cooled fetuses (hypothermia group 53.3Ϯ1.7 vs. 48.2Ϯ1.3 mmHg, P Ͻ 0.05; sham cooled group 49.6Ϯ2.2 vs. 48.2Ϯ1.3 mmHg, NS). This elevation subsequently resolved to baseline values despite continued cooling, and fetal blood pressure recordings remained normal in both groups until the end of the experiment.
The time sequence of changes in CBF showed a significant interaction between treatment and time (Fig. 3 , top, P Ͻ 0.001). CBF returned to normal immediately after reperfusion in all but one (sham cooled) fetus. After normalization, CBF fell abruptly between 48 and 174 min later (hypothermia group: 98Ϯ3 min versus sham cooled group: 88Ϯ8 min, NS) to a minimum of 62Ϯ4 vs. 65Ϯ6% of baseline (hypothermia versus sham cooled, NS). This secondary hypoperfusion persisted for 1-9 h (6.2Ϯ1.0 vs. 3.9Ϯ0.9 h, P ϭ 0.06). CBF then progressively increased, peaking after 34.3Ϯ2.7 vs. 28.7Ϯ2.8 h (NS) at 118Ϯ6 vs. 141Ϯ6% of baseline (hypothermia versus sham cooled, P ϭ 0.02). Subsequently, the CBF of the hypothermia group remained higher than baseline levels, whereas in the sham cooled fetuses, CBF fell below baseline values. CMRO 2 was able to be calculated in five hypothermia and five sham cooled fetuses (Fig. 3, bottom) , up to 8 h after occlu- groups. Cerebral ischemia is shown by the solid bar at the top of the graph, while cooling is shown by the gray bar, and by the highlighted region. CBF but not CMRO 2 showed a significant interaction between cooling and time (P Ͻ 0.001, ANOVA). MeanϮSEM, # P Ͻ 0.05 vs. baseline. 5 min after reperfusion there was an increase in CMRO 2 , due to increased cerebral oxygen extraction. In contrast, the phase of secondary hypoperfusion, between 2 and 8 h, was paralleled by suppression of CMRO 2 in both groups.
sion. There was no significant difference between the groups over this time period. In both groups there was a rise in metabolic rate 5 min after reperfusion. This was associated with similar CBF to baseline and an increase in the difference between the arterial and venous oxygen contents, compared with baseline (P Ͻ 0.05). CMRO 2 then fell to a nadir at 2 h (90 min after reperfusion) and then progressively rose up to 8 h. This fall was due to the secondary fall in CBF discussed above; cerebral oxygen extraction was not significantly different from baseline at these times.
Neuronal loss scores, across all the regions assessed, were significantly lower in the hypothermia group compared with the sham cooled group (P Ͻ 0.001, Fig. 4 ). The extent of infarction in the parasagittal cortex was markedly reduced in the cooled group compared with the sham cooled group (29Ϯ13 vs. 100Ϯ0%, P Ͻ 0.001). Examples of the microscopic changes are shown in Figs. 5 and 6. When residual impedance was included as a covariate as a measure of the "severity" of the insult, it was also independently correlated with outcome (r ϭ 0.6, P Ͻ 0.02, for parasagittal cortex neuronal loss scores). However, this adjustment did not alter the effect of hypothermia (P Ͻ 0.001). Within the hypothermia group alone, the extradural temperature, measured between 4 and 8 h, was correlated with both the secondary peak impedance (r 2 ϭ 0.62, P Ͻ 0.001) and the histological score in the parasagittal cortex (r 2 ϭ 0.42, P Ͻ 0.03).
Discussion
Moderate, selective cerebral hypothermia, starting 90 min after reperfusion and continuing for 3 d, dramatically reduced neuronal loss in all areas assessed and nearly abolished cortical infarction. This was associated with greater residual EEG activity after 5 d of recovery and suppression of secondary cortical edema. Despite these beneficial effects, it did not prevent delayed epileptiform activity, nor did it significantly alter cerebral oxidative metabolism before the onset of seizures. The selective head cooling, causing a fall in core temperature of 1-3ЊC, was associated with only modest systemic effects. There was a small and transient fall in PaO 2 and rise in glucose, lactate, and fetal blood pressure, consistent with our previous studies of systemic hypothermia in utero (19) . The use of a chronically instrumented fetal preparation avoids the cerebral metabolic effects of anesthesia (25) which might interact with hypothermia and ensures stable control temperatures (19) .
The present data suggest that substantial neuroprotection was seen only in fetuses in whom there was a sustained fall of the extradural temperature to ‫ف‬ 34ЊC or less. This suggests that there is a critical depth of hypothermia required for effective neuronal rescue. This is likely to be modified by the severity of the initial insult, by how soon hypothermia is started after the insult, and by how long cooling is continued (6, 7, 11, 12) .
Immediate cooling after hypoxia-ischemia will seldom be practical in the clinical setting. Despite a delay in initiating cooling of 90 min, plus the time taken for the brain to cool, hypothermia was still effective in reducing damage in the present study, confirming that considerable damage does occur many hours after the insult. 5 min after reperfusion, CMRO 2 was higher than baseline, with normal CBF, but increased oxygen extraction, consistent with relative limitation of oxygen delivery in a situation of oxygen debt. These data, taken with the observation that the cortical impedance also did not begin to fall for 5-10 min after reperfusion, suggest that there is still ongoing primary damage at this time (15) . This may be one reason why studies of brief hypothermia have tended to show neuroprotection only if started immediately after reperfusion (8, 9) . In effect, this strategy would represent intervention late in the primary phase.
The critical duration of cerebral cooling required for significant neuronal rescue is unknown. In this study, rebound epileptiform activity was seen in a pilot experiment when cooling was stopped after 48 h, whereas it was not seen in any fetus after 72 h cooling. The few studies which have systematically addressed this also suggest that prolonged cooling is needed (7, 10, 12) and that this critical period is longer, the more severe the original insult (7) . In a previous report where unanesthetized infant rats were subjected to a moderate hypoxic-ischemic insult followed by mild hypothermia (2-3ЊC cerebral cooling), hypothermia needed to be continued for 3 d to reduce cortical infarction; shorter periods were ineffective (11) .
There have been reports, from studies of brief cooling, that hypothermia only delayed rather than prevented neuronal degeneration (26) . Such studies have generally addressed models of mild ischemia producing very delayed selective neuronal loss in the hippocampus, rather than severe loss with infarction. In contrast, the effectiveness of prolonged postinsult hypothermia in the infant rat, in preventing cerebral infarction after hypoxia-ischemia, was unchanged after 3 wk of recovery (11) . In this study, we allowed the fetal sheep to recover for a further 48 h after the end of cooling. During this time EEG activity continued to gradually improve, and there was no suggestion of a further "tertiary" deterioration in any biophysical parameter measured.
The mechanism of hypothermic neuroprotection is not established. In principle, hypothermia might work by (a) reducing cellular metabolic demands, and so delaying neuronal depolarization; (b) reducing the excessive accumulation of excitotoxins such as glutamate, and so reducing intracellular calcium accumulation; or (c) suppressing the toxic consequences of these events, such as activation of endonucleases or production of oxygen free radicals.
Hypothermia produces a graded reduction in cerebral metabolism (27) ; the resulting reduction in the rate of depletion of high energy metabolites during hypoxia-ischemia is likely to make a substantial contribution to its neuroprotective effects. In contrast, in this study hypothermia had no significant effect on the already suppressed CBF and CMRO 2 after ischemia, before the onset of seizures. It is possible that there may have been an effect on CMRO 2 during the subsequent seizure activity, since there was a significant reduction in peak secondary hyperperfusion with cooling. However, there was only a trend to a reduction in numbers of seizures, while the peak of seizure intensity was similar. Consistent with these data, hypothermia is reported to delay neuronal depolarization significantly more than general anesthesia for a given reduction of cerebral metabolism, suggesting that suppression of metabolism alone cannot explain even its immediate cerebral effects (25) . The increase in CBF during the resolution phase in cooled fetuses, compared with the decrease associated with sham cooling, was probably related to reduced damage rather than a direct cooling effect. In earlier studies using near infrared spectroscopy, there was an inverse correlation between vasodilation in this phase and neuronal loss (17) .
Accumulation of excitatory amino acids (excitotoxins) during ischemia (28) or in association with seizures after ischemia (16) is suggested to be one factor causing immediate damage and triggering the cascade leading to secondary neuronal death. The well known rise in excitotoxins during ischemia is suppressed by mild to moderate hypothermia, both in vitro (28) and in vivo (2, 29) . In a microdialysis study using the same experimental approach as in this report, we found a large rise in the ratio of excitatory to inhibitory neurotransmitters in the parietal cortex during the secondary phase (16) . This rise paralleled the secondary rise in cortical impedance, rather than seizure activity, suggesting that the excessive accumulation of excitotoxins was related to cell membrane dysfunction. The dramatic suppression of impedance in this study might then be consistent with reduced accumulation of excitotoxins.
Suppression of excitotoxin accumulation cannot fully account for hypothermic neuroprotection, since moderate hypothermia had no effect on the rise in excitotoxins after head injury in the rat (30) , and yet markedly reduced subsequent damage. Consistent with this, in vitro hypothermia had no immediate effect on glutamate receptor activity or its toxic effects (28) . In contrast, prolonged hypothermia, applied after the excitotoxins had been washed out, was protective (28, 31) . Furthermore, hypothermia during cardiac arrest in the rat prolonged anoxic depolarization despite having no effect on the transfer of calcium from extracellular fluid into cells (32) . These data suggest that the neuroprotective effect of hypothermia may be primarily mediated by reducing the effects of ischemia on second or third messengers and on production of other cytotoxic agents (3).
Beyond their association with excitotoxins, postasphyxial seizures may themselves be damaging, as status epilepticus can cause hypermetabolic neuronal loss (33). In this study hypothermia was effective in reducing cerebral damage and prevented secondary cytotoxic edema, without significantly reducing postinsult epileptiform activity. In contrast, the highly selective glutamate antagonist MK-801, given from 6 to 24 h after reperfusion, totally abolished seizure activity (34); despite this, a secondary rise in impedance occurred, although delayed compared with sham treated fetuses, and parasagittal damage was not reduced. These data clearly demonstrate that the processes contributing to secondary membrane dysfunction and to seizures are distinct, and suggest that postasphyxial seizures make a relatively small direct contribution to cortical infarction. It has been reported that hypothermia is able to prevent apoptotic or programmed cell death, but not necrotic cell death after hypoxic-ischemic injury (35) . This is an attractive concept, since by analogy with the normal process of apoptosis during neurodevelopment, it would suggest that hypothermia acts by suppressing a predefined cascade of intracellular events (36) . However, a detailed study of the time course of neuronal death after hypoxia-ischemia in the developing brain found that selective neuronal death was predominantly apoptotic, Figure 6 . Photomicrographs (ϫ370) of the CA1 region of the hippocampus from a control fetus (a) and a cooled fetus (b). The control hippocampus shows marked stromal edema with no surviving neurons seen. There is a marked glial reaction (solid arrow). The hippocampus of the cooled fetus shows preservation of the cytoarchitecture, with no ischemic cell death. Thionin and acid fuchsin stain. but that cell death during the evolution of infarction was associated with a necrotic morphology (37) . Thus this study, in which delayed hypothermia prevented the development of cortical infarction or pannecrosis, does not support such a specific mode of action.
In conclusion, delayed moderate cerebral hypothermia, maintained throughout the secondary phase of cerebral dysfunction, dramatically improved neural outcome from a severe ischemic insult in fetal sheep. The mild core cooling was associated with only small, transient systemic effects, and hypotension did not occur. Hypothermia prevented secondary cell membrane dysfunction, despite having no significant effect on either cerebral metabolism or seizure activity. These data are consistent with the hypothesis that hypothermia acts on intracellular cytotoxic mechanisms in the secondary phase of damage, rather than by reducing oxidative metabolism or neuronal overexcitation. Selective head cooling may prove to be a safe and effective therapy for moderate to severe hypoxic-ischemic encephalopathy in term infants.
